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Nanograined surface shell wall controlled ZnO–
ZnS core–shell nanofibers and their shell wall
thickness dependent visible photocatalytic
properties†
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Brabu Balusamya and Tamer Uyar*ab
The core–shell form of ZnO–ZnS based heterostructural nanofibers (NF) has received increased attention
for use as a photocatalyst owing to its potential for outstanding performance under visible irradiation. One
viable strategy to realize the efficient separation of photoinduced charge carriers in order to improve cata-
lytic efficiency is to design core–shell nanostructures. But the shell wall thickness plays a vital role in effec-
tive carrier separation and lowering the recombination rate. A one dimensional (1D) form of shell wall con-
trolled ZnO–ZnS core–shell nanofibers has been successfully prepared via electrospinning followed by a
sulfidation process. The ZnS shell wall thickness can be adjusted from 5 to 50 nm with a variation in the
sulfidation reaction time between 30 min and 540 min. The results indicate that the surfaces of the ZnO
nanofibers were converted to a ZnS shell layer via the sulfidation process, inducing visible absorption be-
havior. Photoluminescence (PL) spectral analysis indicated that the introduction of a ZnS shell layer im-
proved electron and hole separation efficiency. A strong correlation between effective charge separation
and the shell wall thickness aids the catalytic behavior of the nanofiber network and improves its visible re-
sponsive nature. The comparative degradation efficiency toward methylene blue (MB) has been studied
and the results showed that the ZnO–ZnS nanofibers with a shell wall thickness of ∼20 nm have 9 times
higher efficiency than pristine ZnO nanofibers, which was attributed to effective charge separation and the
visible response of the heterostructural nanofibers. In addition, they have been shown to have a strong ef-
fect on the degradation of Rhodamine B (Rh B) and 4-nitrophenol (4-NP), with promising reusable catalytic
efficiency. The shell layer upgraded the nanofiber by acting as a protective layer, thus avoiding the photo-
corrosion of ZnO during the catalytic process. A credible mechanism for the charge transfer process and a
mechanism for photocatalysis supported by trapping experiments in the ZnO–ZnS heterostructural system
for the degradation of an aqueous solution of MB are also explicated. Trapping experiments indicate that
h+ and ˙OH are the main active species in the ZnO–ZnS heterostructural catalyst, which do not effectively
contribute in a bare ZnO catalytic system. Our work also highlights the stability and recyclability of the
core–shell nanostructure photocatalyst and supports its potential for environmental applications. We thus
anticipate that our results show broad potential in the photocatalysis domain for the design of a visible light
functional and reusable core–shell nanostructured photocatalyst.
Introduction
In recent years, the one dimensional (1D) fiber forms of nano-
materials such as metal oxide nanofibers (NF) and their hy-
brid structural forms have been explored worldwide as func-
tional elements for potential applications, with fundamental
scientific interest in their use in chemical and gas sensors,1
filtration,2 catalysts,3 photo electrochemical cells,4 electrodes
for supercapacitors5 and biomolecular devices.6 Especially, 1D
forms of heterostructures have received promising attention
due to their hybrid functional properties, which can give
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more adaptable functionalities, compared with monolithic
nanomaterials, when used in nanoscale devices.7,8 The core–
shell forms of heterostructures are expected to be used widely
in the areas of catalysis, and chemical and bio-sensors be-
cause of their effective dual functionalities. Extensive interest
in heterostructures emerges from their unique electrical, cata-
lytic and electrochemical functionalities, which are closely
tied to their high surface-to-volume ratios and, in some in-
stances, exceptional transport properties coupled with con-
finement effects, 1D transport phenomena, or transport in
fractal dimensions.9 Accordingly, different approaches have
evolved to improve the functionalities of hierarchical struc-
tures with a wide variety of core–shell nanostructure based
building blocks. With their wide band gap natures, metal ox-
ides such as TiO2 and ZnO are promising photocatalysts in
the monolithic phase, and are more efficient in the form of
core–shell structures, which improves their functionali-
ties.4,10,11 Photocatalytic oxidation using these semiconductor
materials offers an effective solution, as it allows the com-
plete mineralization of organic dyes into harmless products
at a relatively low cost.12 But, compared to TiO2, ZnO photo-
catalysts have some disadvantages, such as their limited
photocatalytic efficiency, the easy recombination of electron–
hole pairs and their proneness to photocorrosion, which limit
their further application. In order to overcome these draw-
backs, various ZnO-based nanocomposites with different mor-
phologies have been investigated, to improve the physical and
chemical properties.13,14 Moreover, because of its wide optical
and electrical functionality, ZnO is considered an ideal system
for the construction of hierarchical structures for catalytic ap-
plications. It exhibits vast functionality with a wide bandgap
(∼3.3 eV), which renders it active exclusively under UV light.
Since UV light accounts for only a small fraction of the natu-
ral sunlight (∼5%) reaching the surface of the earth, shifting
the optical response from the UV to the visible range will re-
sult in profound benefits for the visible photocatalytic appli-
cations of this material. Doping with non-metal elements is
an attractive route to alter the electronic properties of ZnO
nanostructures, in order to narrow the band gap of wide band
gap semiconductors.15 But improving the charge separation
efficiency and avoiding carrier recombination, along with im-
proving visible absorption through constructing a core–shell
interface, will effectively improve the photocatalytic activity
under visible light.16,17 Photocatalytic applications involve the
interface between the semiconductor surface and adsorbed
pollutant molecules. Influence over the interactions between
the photocatalyst and pollutant are constrained by the attain-
able surface. Having control over morphology using
templating processes is noteworthy for affecting material per-
formance. But, careful selection of the templating method is
a crucial step in perfecting the 1D morphology. One of the
widely used fabrication processes for forming 1D NF tem-
plates is electrospinning, which is a highly reproducible tech-
nique using polymer solutions or melts.18 Despite intensive
research activity over the past few years, the development of
innovative fabrication methods providing versatile materials
with structural and dimensional flexibility is limited. Inor-
ganic semiconductors (such as PbS,19 CdS,10 CdSe,20 Cu2S,
17
Ce2S3,
21 and Ag2S (ref. 22)) offer many advantages, such as
high extinction coefficients and the capability for optical ab-
sorption tailoring over a wider wavelength range. Focusing
considerable efforts on designing core–shell architectures
with controlled distinctive structural features such as an inner
core and outer shell will ameliorate structural functionality.
In order to improve the visible photocatalytic behavior, the
construction of a typical type II band gap alignment proves
highly beneficial, based on previous theoretical and experi-
mental investigations.23,24
ZnO–ZnS based core–shell heterostructures specifically
exhibit better visible absorption with enhanced catalytic activ-
ity with the functionality of a typical type II band gap align-
ment with minimized lattice mismatch.24,25 Combining these
two wide band gap nanomaterials in the form of a type-II
heterostructure can provide an efficient heterostructural
semiconductor device design in which the heterostructure
band arrangement induces the migration of holes from ZnO
to ZnS and electrons from ZnS to ZnO. Decorating a thin
layer of ZnS over the ZnO will reduce the surface states
and induce charge carrier confinement via the type-II band
structure.26 In previous investigations, constructed ZnO–ZnS
core–shell nanowire arrays exhibited a pronounced improve-
ment in photoluminescence and photoconductivity as op-
posed to ZnO nanowire arrays.26–28 Constructing the shell
layer over ZnO or forming semiconductor/ZnO hetero-
junctions suppressed the recombination of the photoexcited
electron–hole pairs of ZnO, which effectively enhances the
catalytic activity.17,28 As it has relatively low toxicity, ZnS has
been used to reduce heavy metal toxicity, preventing the for-
mation of Cd2+ on the surface of CdSe, and in the detection of
Cu2+ ions on the ZnO–ZnS surface and the degradation of
water pollutants.29,30 It induces a fast photoresponse time,
prevents the influence of oxygen molecules on ZnO conductiv-
ity, contributes to high stability in a biological environment
and acts as a protective shield to help avoid photocorrosion. A
quasi-one-dimensional architecture, a polycrystalline structure
and a high surface-to-volume ratio are crucial elements for re-
alizing further applications for electrospun NF in electronic
nanodevices. Alternatively to conventional methods for the
decoration of a shell layer, the sulfidation process is based on
an ion-by-ion growth mechanism that enables the growth of a
conformal layer without destroying the original morphology,
which can decrease defects in the products and enhance the
light-harvesting ability, thus improving carrier separation effi-
ciency. Combining this with a different distinctive core and
shell wall thickness would enhance the electron and hole pair
separation in coupled heterostructures through forming an
interface potential and effective charge separation.
In this work, we present a strategy for the fabrication of
ZnO–ZnS core–shell NFs with different controlled shell wall
thicknesses and study their catalytic activity through
influencing the shell wall thickness. These core–shell NFs
can be assembled in different ways enabling the construction
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of nano-engineered device architectures with tailored func-
tional properties. We demonstrate the highly sensitive visible
photocatalytic properties of the ZnO–ZnS core–shell struc-
tures and that the catalytic efficiency is dependent on the
shell wall thickness of the core–shell NFs. Our fabrication
method involves electrospinning the metal oxide precursor
and polymer composite fibers that serve as sacrificial tem-
plates for the subsequent annealing that precedes the forma-
tion of metal oxide (ZnO) NFs. Finally, through the
sulfidation process, a shell layer (ZnS) is formed over the core
ZnO NFs. Among the controlled strategies for producing NFs
of inorganic materials, electrospinning offers several advan-
tages, including ease of fabrication and versatility.31
Experimental section
Materials
Polyvinyl alcohol (PVA, MW: 125 000, Scientific Polymer), zinc
acetate dihydrate (Sigma-Aldrich), thioacetamide (98%, TAA,
Alfa Aesar), methylene blue (MB, Sigma-Aldrich), rhodamine
B (RhB, Sigma-Aldrich), 4-nitrophenol (99%, 4-NP, Alfa Aesar),
p-benzoquinone (98%, BQ, Alfa Aesar), triethanolamine,
(99%, TEOA, Sigma-Aldrich) and isopropyl alcohol (99.5%
IPA, Sigma-Aldrich) were procured and used as received with-
out any further purification.
Electrospinning of ZnO nanofibers
The electrospinning solution was prepared by dissolving poly-
vinyl alcohol (PVA, 7.5% w/v) in water at 80 °C followed by
the addition of zinc acetate dihydrate (4%, w/v). The resulting
solution was stirred for 2 hours to obtain a homogeneous
solution. Subsequently, the solution was loaded into a 3 mL
plastic syringe with a needle diameter of 0.8 mm and placed
horizontally in a syringe pump (KD Scientific, KDS101). The
flow rate of the polymer solution was controlled using the
syringe pump and was fixed at 0.5 mL h−1. The grounded
metal collector was covered with aluminum foil and placed at
a distance of 12 cm from the needle tip. The electric field
(15.0 kV) was applied from a high voltage power supply
(Spellman, SL series, USA). The electrospinning procedure
was carried out at 22 °C and 19% relative humidity in a Plexi-
glas box. The obtained zinc acetate/PVA composite NFs were
further calcined at 400 °C for 3 h in air to obtain ZnO NFs.
Fabrication of ZnO–ZnS core–shell nanofibers
Shell wall controlled ZnO–ZnS based core–shell NFs were syn-
thesized via a controlled sulfidation process. The conversion
of the electrospun ZnO NFs to ZnO–ZnS core–shell NFs was
carried out by immersing a ZnO NF web in 30 mM TAA solu-
tion at 60 °C in a water bath for different sulfidation times
(0.5–9 h) to create different thicknesses of ZnS shell wall layer
around the ZnO NFs. The creation of a ZnS shell layer over
the ZnO surface materializes through a sulfidation process.32
Finally, after different sulfidation reaction times, the samples
were washed with distilled water and then dried at room tem-
perature and annealed for 2 h at 200 °C in a vacuum oven.
Characterization
The morphological and elemental composition analyses were
performed using a field emission scanning electron micro-
scope (FESEM, Quanta 200 FEG) equipped with an energy
dispersive X-ray spectrometer (EDS). The crystal structures of
the annealed ZnO samples were observed using a PANalytical
X'Pert multipurpose X-ray diffractometer with Cu Kα radia-
tion. The core–shell forms of the NFs were imaged using
transmission electron microscopy (TEM, FEI-Tecnai G2 F30),
where the sample was dispersed in ethanol and a tiny droplet
was cast and analyzed using a holey carbon coated TEM grid.
TEM-EDX spectra were also recorded for samples sulfidated
for 180 min. X-ray photoelectron spectroscopy (XPS, Thermo
K-alpha-monochromated) was employed to analyze the surface
chemical composition. UV-vis diffuse reflectance spectra were
measured at room temperature over the 200–800 nm wave-
length range using a Shimadzu UV-3600 spectrophotometer.
Photoluminescence (PL) measurements were obtained using a
time-resolved fluorescence spectrophotometer (FL-1057
TCSPC). The absorbance spectra of organic pollutants were
obtained using a UV-vis spectrophotometer (Varian Cary 100).
Photocatalytic performance
The catalytic performances of the electrospun ZnO NFs and
the shell wall controlled ZnO–ZnS core–shell NFs were evalu-
ated by measuring the degradation of methylene blue (MB)
dye under UV irradiation (Ultra-Vitalux Ultraviolet high pres-
sure lamp (300 W, Osram, sunlight simulation)) and visible
irradiation (75 W, Osram, xenon lamp with UV filter) at room
temperature. Typically, 1 mg mL−1 samples of the electrospun
ZnO based structures were placed into quartz cuvettes
containing MB dye solution (10 ppm), which were then
placed in the dark for 20 minutes to establish the adsorp-
tion/desorption equilibrium of the dye on the sample surface
prior to irradiation. The samples were placed at a working
distance of 15 cm from the lamp. A series of samples and
controls (without catalyst) were simultaneously irradiated.
The degradation of MB dye was monitored by measuring the
absorbance as a function of irradiation time at predetermined
time intervals using a UV-vis spectrophotometer. The
reusability of the samples was tested for five consecutive
cycles. The degradation efficiency toward MB dye was calcu-
lated using the formula ((C0 − C)/C0) × 100, where C and C0
indicate the absorption peak intensities before and after UV
irradiation. The same procedure was followed for Rh B
(10 ppm) and 4-NP (10 ppm).
Active species trapping and superoxide radical quantification
experiments
To identify the active species during the photocatalytic reac-
tion, hydroxyl radicals (˙OH), superoxide radicals (O2˙) and
holes (h+) were investigated by adding 1.0 mM isopropyl
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alcohol (IPA) (a quencher of ˙OH), benzoquinone (BQ) (a
quencher of O2˙) and triethanolamine (TEOA) (a quencher of
h+), respectively.33,34 The method was similar to the afore-
mentioned photocatalytic activity tests.
Results and discussion
Fig. 1 shows a schematic diagram of the procedure for pre-
paring shell wall controlled ZnO–ZnS core–shell NFs through
a combination of electrospinning followed by a sulfidation
process. SEM images of the as-electrospun PVA/zinc acetate
composite NFs clearly show the bead-free and smooth fibrous
nature, with an average fiber diameter of 355 ± 85 nm, as
shown in Fig. S1.† Furthermore, the as-prepared composite fi-
bers were subjected to thermal treatment (calcination) for 3 h
at 400 °C to form ZnO NFs, through totally degrading the or-
ganic part (the PVA polymer matrix and acetate groups).
Annealing plays a vital role in determining the fiber morphol-
ogy, which was clearly discussed in a previous publication.35
The obtained ZnO NFs were subjected to a sulfidation pro-
cess, which was studied with respect to reaction time. Our
present study investigates the effect and role of the shell wall
thickness of the ZnO–ZnS NFs on the effective visible photo-
catalytic properties. Clear indications can be sought from the
representative SEM and TEM images exhibiting the entire
structure and its associated morphological properties, as
shown in Fig. 2 and 3. Post calcination, the fibrous surface
turns rougher, as compared to the as-electrospun PVA/zinc
acetate composite NFs. In short, it is apparent that the com-
position of the NFs is mainly ZnO nanograins, whose surface
walls deform to ZnS under a sulfidation process. After
annealing at 400 °C, the nanofibers (diameter of 180 ± 50
nm) show dense packing of small grains of size 35 ± 10 nm,
as shown in Fig. 2a. It is found that the grains are bound to
each other throughout the fiber and exhibit a solid morphol-
ogy. Fig. 2b–f show SEM images of NF samples obtained after
sulfidation times between 30 min and 540 min, which clearly
demonstrate the change in the surface morphology of the
NFs with respect to the sulfidation time. Compared to the
pristine ZnO NFs, noticeable surface roughness on the
sulfidated samples implies that ZnS was decorated over the
surface of the ZnO NFs. From Fig. 2b–f, it can be observed
that up to a sulfidation time of 540 min, there is a consider-
able increase in the surface roughness with larger grains, but
no break up or destructive change in the morphology of the
NFs is present. The EDAX spectra of the ZnO NFs sulfidated
for 30 min and 180 min reveal that the ZnS nanograins were
functionalized over the ZnO NF surfaces (Fig. S2a and b†)
and in terms of increasing reaction time, the sulfur ratio also
increased. But upon prolonging the sulfidation time above
540 min (Fig. S3†), the fiber morphology was damaged and
the NFs are converted into nanograins. The formation mech-
anism of the ZnO–ZnS core–shell NFs can be explained via
the Kirkendall process, which normally refers to comparative
diffusive migrations among different atomic species in
metals and/or alloys under thermally activated conditions.
Fig. 3 shows TEM images of single NFs of pristine ZnO
and shell wall controlled ZnO–ZnS after 90 min, 180 min and
540 min of sulfidation. The TEM images in Fig. 3a–d show
detailed information about the interface between the ZnO
core and the ZnS shell after different sulfidation times. The
Fig. 1 Schematic diagram of the procedure for preparing shell wall
controlled ZnO–ZnS core–shell NFs through a combination of
electrospinning followed by a sulfidation process.
Fig. 2 Representative SEM images showing top views and highly
magnified views (inset) of ZnO–ZnS NFs after different sulfidation
times. (a) Pristine ZnO NFs at 0 min, (b) ZnO–ZnS NFs at 30 min, (c)
ZnO–ZnS NFs at 90 min, (d) ZnO–ZnS NFs at 180 min, (e) ZnO–ZnS NFs
at 360 min, and (f) ZnO–ZnS NFs at 540 min.
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contrast difference at the center and at the edges of the NFs
confirms the core–shell structure. On increasing the
sulfidation time, the shell wall thickness increases to ∼5 nm,
and ∼20 nm after 90 min and 180 min of sulfidation, respec-
tively (Fig. 3b and c). The sharp interface between the core
and shell after 180 min of sulfidation clearly shows that the
ZnO NFs are fully sheathed by a ZnS layer along their entire
length. On further increasing the sulfidation time, ZnS shell
layer conversion increases and the surfaces are completely
modified with a nanograined (4–6 nm) shell wall (Fig. 3d).
On further increasing the sulfidation time, the larger grained
ZnO core completely deforms to ZnS nanograins, which fa-
vors the formation of ZnS NFs. But because of the assembly
of the accomplished nanograined shell wall, the fiber mor-
phology starts to deform, which is revealed by the decrease in
the diameter of the nanofibers (Fig. 3e). It is revealed that af-
ter longer sulfidation times, the deformed ZnS nanograins
are released from the fiber morphology. The measured mean
grain diameters at the fiber surface plotted against
sulfidation times are shown in Fig. 3f, demonstrating that
larger ZnO grains (30 nm) were converted to ZnO nanograins
(5 nm) and the transformation increased with respect to
time. It can be noticed that the shell layer is not continually
smooth; rather it is a formation of polycrystalline grains of
ZnS, as can be seen from the HRTEM image. Although lattice
distortion in ZnO and stacking faults in ZnS can be observed
along the interface, both the core and shell exhibit lattice
fringes and can be further identified as having wurtzite and
hexagonal structures, respectively, thus indicating that the
ZnS shell layer is decorated over the ZnO core. To confirm
the presence of an outer ZnS shell layer, EDAX elemental
mapping analysis was employed across a single core–shell NF
sulfidated for 180 min, and is shown in Fig. 3(g–j). The EDAX
mapping profile illustrates the presence of a higher S concen-
tration on the surface of the ZnO NFs, and it reveals the suc-
cessful formation of a ZnO–ZnS core–shell structure.
To get more information about the growth relationship,
magnified HRTEM images of the core and shell were taken
for the ZnO–ZnS NFs, and are shown in Fig. 4 for the pristine
sample and for samples sulfidated for 180 and 540 min, re-
spectively. The clear lattice spacing difference in the HRTEM
images (Fig. 4) reveals that, after sulfidation, the outer
Fig. 3 TEM images and EDAX patterns of ZnO–ZnS core–shell NFs.
TEM images of (a) ZnO, (b) ZnO–ZnS sulfidated for 90 min, (c) ZnO–
ZnS sulfidated for 180 min, (d) ZnO–ZnS sulfidated for 360 min, and (e)
ZnO–ZnS sulfidated for 540 min. (f) The average grain size measured
from the TEM micrographs. The error bars indicates the diameter of
the particle size distribution. (g–j) EDAX mapping results for ZnO–ZnS
core–shell NFs sulfidated for 180 min.
Fig. 4 HRTEM images of the core–shell interface and lattice spacing in
(a and b) ZnO, (c and d) ZnO–ZnS sulfidated for 180 min, and (e and f)
ZnO–ZnS sulfidated for 540 min.
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surfaces of the NFs were deformed, as the ZnS nanograins
have a lattice spacing of 0.31 nm.36 Fig. 4c and d show that,
after a shorter sulfidation time (180 min), the polycrystalline
form of the ZnS nanograins coupled with the crystalline ZnO
NFs gives rise to the formation of a ZnO–ZnS core–shell
structural interface. The marked inter-planar d spacing of
0.31 nm corresponds to the (111) lattice plane of hexagonal
ZnS with a (011) zone axis, and the d spacing difference of
0.26 nm corresponds to the ZnO nanograins. Contrary to this,
for NFs sulfidated for longer times, the grains are found to
be lesser in size with an incoherent arrangement. Impor-
tantly, it is found that the grains exhibit a strong polycrystal-
line nature, as they most likely exist monolithically with a
size of around 5 nm. Moreover, it is noticed that the ZnS
grains are pragmatically found in the form of individual
nanograins, loosely bound to each other without a secondary
particle arrangement.
XRD spectra of ZnO NFs and ZnO–ZnS core–shell NFs pre-
pared under different sulfidation times are shown in
Fig. 5a–f. Curve a shows the typical diffraction peaks of
strong hexagonal ZnO (100), (002) and (101) (JCPDF no. 36-
1451) at 2θ = 31.4, 34.2 and 36.3 respectively for pristine ZnO
NFs, indicating a strongly preferred wurtzite (WZ) hexagonal
structure before reaction with TAA solution. Fig. 5b–f present
XRD patterns of ZnO–ZnS core–shell NFs synthesized with
sulfidation times increasing from 30 min to 540 min. In the
case of ZnO–ZnS core–shell NFs, the relative intensities of
the peaks corresponding to ZnO are found to reduce due to
the formation of an outer ZnS shell. Additional peaks corre-
sponding to the lattice planes of the hexagonal (002) struc-
ture of ZnS are also observed in the XRD data. When the
sulfidation time is 90 min, the diffraction peak of ZnO is still
very strong, with a very weak peak of hexagonal ZnS (JCPDS
36-1450), as demonstrated in curve c. As the sulfidation time
is increased to 180 min, the ratio of the characterization
peaks of ZnS/ZnO increases (curve d), implying that more
and more ZnO converts to ZnS with increasing reaction time.
It is also noticed that the relative intensity of the ZnS related
peak increases upon increasing the sulfidation time. This
indicates that outer shell layers are getting thicker upon
increasing the sulfidation time.
On further increasing the sulfidation time over 540 min,
most of the characterization peaks of ZnO get reduced and
prominent nanocrystalline diffraction peaks of ZnS can be
found in the XRD pattern of the final product (Fig. S3b†),
demonstrating that on the surface, ZnO is completely
converted to ZnS nanograins. No additional diffraction peaks
other than those from ZnO and ZnS are observed in the XRD
patterns, as the conversion of ZnO to ZnS is a diffusion lim-
ited process. But from the XRD results, it is clearly observed
that the intensity ratio of the peak from the (002) plane of
ZnS to the peak from the (100) plane of ZnO gradually in-
creases with an increase in the reaction time. During the
sulfidation process, sulfur diffuses into the ZnO lattices to
occupy the oxygen vacancies. The ratio of the ZnS/ZnO peak
intensity increased gradually when the sulfidation time was
extended to 540 min, indicating that more ZnO was trans-
formed into ZnS with increasing sulfidation time. Because
the peaks from the (110) and (112) crystal planes of ZnS are
close to the peaks from the (102) and (110) crystal planes of
ZnO, these peaks may overlap.37 The preferred orientation of
the ZnO crystal facet through all conversion stages implies
that the conversion from ZnO to ZnS takes place on the
surface of ZnO columns and continues across the sidewall of
the fibers.
Fig. S4a† shows UV-vis absorption spectra of ZnO and
shell wall controlled ZnO–ZnS core–shell NF samples. For the
as-prepared ZnO NFs, the spectrum has strong absorbance
only in the UV range. When loading ZnS shell layers over the
surfaces of the ZnO NFs, the band edge absorption red
shifted towards the visible region as a function of sulfidation
time. In comparison, increasing the shell layer thickness pro-
motes the absorption towards the visible region compared
with pristine ZnO NFs, and ZnO NFs sulfidated for 90 min
show promising visible absorption behavior compared to the
rest. The K–M plot reveals a change in band gap with the
functionality of ZnS over the ZnO fiber. Fig. S4b† shows re-
spective optical images of the ZnO and ZnO–ZnS NFs. Follow-
ing the sulfidation process, the formation of the ZnS shell
layer induces a color change to pale greenish, compared to a
pristine white color.
Fig. 6 shows photoluminescence spectra of shell wall con-
trolled ZnO–ZnS NFs. The band excitonic emission is clearly
based on the presence of defect sites on the hierarchical sur-
faces of the NFs. Deconvolution of the spectra shows the
Fig. 5 XRD spectra of ZnO–ZnS core–shell NFs, for different
sulfidation times. (a) Pristine ZnO (b) ZnO–ZnS after 30 min of
sulfidation, (c) ZnO–ZnS after 90 min of sulfidation, (d) ZnO–ZnS after
180 min of sulfidation, (e) ZnO–ZnS after 360 min of sulfidation, and (f)
ZnO–ZnS after 540 min of sulfidation.
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strong influence on ZnO photoluminescence of the shell layer
interface and origin of the defect sites. The presence of
defects has been confirmed by the broad range of defect
emission in the visible region. Two prominent emitting
bands, including a strong violet emission centered at around
380 nm and a broad green band centered at around 550 nm,
are observed in the ZnO NFs. The green emission could be at-
tributed to defect related emissions between Zni and the VB;
OVo and the VB respectively, and the sharp emission at 380
nm represents the band edge emission of the ZnO NFs. The
PL spectra of shell wall controlled ZnO–ZnS core–shell NFs
reveal a decrease in the band edge emission, with the disap-
pearance of the green emission and enhanced broad bluish
emission compared to pristine ZnO NFs. The dominant peak
in the UV range, which denotes the near band edge emission
(NBE), is related to the direct recombination of photo-
generated carriers, and has been classified as free excitonic
emission and bound excitonic emission.
As a function of shell layer thickness, there is a slight shift
in the NBE spectra towards shorter wavelengths as compared
with pristine ZnO NFs, due to the removal of surface defect
sites. The blue-shift in the UV emission can be attributed to
the strain caused by lattice mismatch between ZnO and ZnS,
and the removed surface defects increased the possible free
excitonic emission from the ZnO NFs. As predicted by
previous theoretical works, the strain in the ZnO–ZnS inter-
face is strong enough to reduce the total band gap of the
system.24 The broad emission in the visible region observed
for the ZnO–ZnS structures could be the superposition of two
individual emissions from the core–shell structure. Along
with the green emission (from ZnO), an additional peak in
the bluish region (420 nm) could be associated with the ZnS
layer. From observation and previous investigations, it is
clear that Zn and VO defects are dominant in the prepared
electrospun ZnO NFs, and are apparently visible in the green-
ish band regions.35 On performing a comparative analysis as
a function of ZnS shell wall thickness, it is observed that the
intensity of defect level emissions gradually decreases from
the oxygen based defect sites, emphasizing the replacement
of sulfur sites in the fiber network. The promotion of sulfur
based defect emission in the bluish region clarifies the pres-
ence of a ZnS layer over the ZnO nanofibers with a significant
reduction in oxygen defect related emission in the core–shell
system. In addition, it is also noticed that the intensity of sul-
fur based defect emission becomes intense as a function of
increasing sulfidation time.
Moreover, wide band gap ZnS as a shell layer over the sur-
face of ZnO passivates the surface electronic states of ZnO
NFs, resulting in an obvious enhancement in UV lumines-
cence. A broad peak at ∼425 nm arises as an outcome of
sulfidation, resulting from respective radiative recombination
on the surface of ZnS nanograins with sulfur vacancies.38
Therefore, the successful combination of both core–shell
structures influences the luminescent properties, which leads
to the development of interesting facts about defect engineer-
ing in electrospun ZnO nanostructures. The violet and blue
emissions are attributed to transitions from IZn (IZn → the
VB) and extended IZn states (Sul defect → VZn) to the valance
band, respectively.39 Apparently, upon increasing the sulfidation
time, the intensities of violet and blue emissions are
increased, whereas the greenish emission is suppressed. Im-
portantly, the peak positioned at ∼443 nm corresponds to
the blue emission, which is significantly red-shifted to 461
nm upon increasing the sulfidation time, due to the removal
of Zn interstitial defects via sulfur interactions, which favor
the transition of electrons from the CB → VZn. This clearly
evidences the transformation of ZnO to ZnS, leading to the
removal of Zn interstitials in the core–shell system. All the hi-
erarchical samples show superior UV emission, denoting the
good optical quality of the NF structures.
As a result, more photo-generated electrons and holes are
confined inside the ZnO core, giving rise to a high quantum
yield about 4 times greater than that of the ZnO NFs alone.
However, the green emission is weakened to a great extent.
As we know, the green emission originates from oxygen inter-
stitials and vacancies.35 During the formation of ZnO–ZnS
core–shell structures, the hydrolysis of TAA can produce H2S
and sulfur atoms can replace and squeeze out the oxygen in-
terstitials and vacancies from the surfaces of ZnO nano-
crystals. As a result, the concentration of oxygen interstitials
is reduced greatly and the green emission is weakened. The
above results indicate that the sulfidation process has a great
Fig. 6 Deconvoluted photoluminescence spectra of shell wall
controlled ZnO–ZnS NFs synthesized using different sulfidation times:
(a) 0 min, (b) 30 min, (c) 90 min, (d) 180 min, (e) 360 min, and (f) 540
min. The observed broad emission in the visible range confirms the
presence of defects in ZnO with sulfur based impurities.
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effect on the relative intensities and positions of typical PL
emissions from ZnO nanocrystals. Therefore, the PL proper-
ties of ZnO nanocrystals could be tuned using this approach.
The Zn 2p, S 2p, and O 1s binding energies in the hierar-
chical photocatalysts were investigated using XPS to investi-
gate the surface compositions and chemical states of the ZnO
NFs as a function of sulfidation time, shown in Fig. 7. Fig. 7a
shows high resolution scans of the O 1s profile spectra which
are composed of multiple peaks with the Gaussian function
with respect to sulfidation time. The three peaks fitted with
the Gaussian function denote the existence of three different
O species, namely lattice oxygen (OL), oxygen vacancies (OV)
and chemisorbed oxygen species (OCh).
35 The peaks at 530.1
± 0.2 eV in all samples are attributed to O2− ions in the
wurtzite structure of a hexagonal Zn2+ ion array, which are
surrounded by zinc atoms with a full supplement of nearest-
neighbor O2− ions. This is generally known as lattice oxygen
(OL) and its percentage represents the relative amount of O
at ideal lattice positions. The centred peak located at 531 ±
0.1 eV is attributed to O2− ions in oxygen deficient regions
within the matrix of ZnO. The third peak around 532.1 ±
0.2 eV is typically ascribed to OH− groups, chemisorbed oxy-
gen or dissociated oxygen on the surface of ZnO.
The observed variations in the intensities of the peaks
might be connected to the concentration of oxygen vacancies
due to the deformation of ZnS nanograins. The calculated
relative percentages of OL, OCh and OV for all samples are
noted in Table S1.† The highest intensity of OL, compared to
OCh and OV, indicates the strong Zn–O bonding in the pre-
pared samples. The gradual decrease in OL observed in the
sulfidated samples denotes that the lattice oxygens bound
with Zn were deformed to a Zn–S bond as a result of
sulfidation. It is realized that upon increasing the sulfidation
time, the ratio of OL decreases and the oxygen deficiency ra-
tio is enhanced. Additionally, the significant ratio of the OCh
peak, related to chemisorbed oxygen, is enhanced at longer
sulfidation times, which reveals that the sites of oxygen ions
were replaced with sulfur ions and the oxygen ions were re-
moved from the zinc lattice. The estimated relative percent-
age of lattice oxygen (OL) decreased with increasing
sulfidation time. The intense characteristic peaks observed at
1021.5 ± 0.3 eV and 1044.6 ± 0.2 eV in the XPS spectra of Zn
2p are assigned to Zn 2p3/2 and Zn 2p1/2, respectively
(Fig. 8b). The spin–orbit splitting of ∼23.1 eV between the
two core level components of Zn 2p3/2 and Zn 2p1/2 is in good
agreement with reported literature values, which confirms
their 2+ state. After sulfidation, the binding energies are
slightly higher than those of pristine ZnO and those reported
for bulk ZnO (Table S1†), and they are closest to those reported
for bulk ZnS, which evidences Zn–S bond formation.40 The
peaks depicted in Fig. 7c represent the S 2p signal in the
core–shell heterostructures. The S 2p signal is split into two
main components of different intensities: a higher intensity
peak at 162.2 eV, attributed to S 2p, and a lower one at
168.8 eV, usually attributed to SO4 2p. Moreover, the relative
intensities of these peaks are completely different as a func-
tion of sulfidation time. The prominent S 2p peak deconvoluted
at about 161.6 eV and 162.7 eV could be attributed to S
2p3/2 and S 2p1/2, which are ascribed to the hybrid chemical
bond species of S2− and Zn–S.40 The S 2p peak is significantly
more intense in the ZnO–ZnS heterostructures as compared
to the sulphate peaks, with no trace of the presence of metal-
lic (monoplasmatic) sulfur (284–285 eV) or the presence of
C–S bonds in the core shell heterostructures (Fig. S5† and
7c). There is a possibility of C doping during the synthesis
process, but the absence of a peak at 283.3 eV associated with
Zn–C bonds connected to OV reveals the absence of carbon
doping in the ZnO NFs (Fig. S5†).41 Altogether, these results
confirm the presence of a ZnS phase at the outer surface of
the produced ZnO NFs and, upon increasing the sulfidation
time, the presence of sulphate functionality increases due to
the effective deformation of ZnO to ZnS. Classical peak fitting
of the high resolution S 2p XPS spectra of the hetero-
structured NFs gives an oxidation ratio that increases with
the sulfidation time (Table S1†).
Electrospun nanofiber based catalytic systems display en-
hanced photocatalytic performances owing to the existence of
Fig. 7 XPS spectra of the (a) O 1s, (b) Zn 2p, and (c) S 2p states in
sulfidated ZnO NF following different sulfidation times between 0 min
and 540 min. The observed high resolution scans for the O 1s spectra
are composed of multiple peaks and fitted as three peaks denoting the
existence of three different O species, named lattice oxygen (OL)
(shaded in red), oxygen vacancies (OV) (shaded in blue) and
chemisorbed oxygen species (OCh) (shaded in magenta).
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larger surface areas and other dominant features.40 Fig. 8 dis-
plays the photodegradation efficiencies of as-prepared ZnO
NFs and different shell wall thickness grown ZnO–ZnS core–
shell NFs towards MB under simulated UV and visible
sources. Recorded absorption spectra of MB as a function of
irradiation time during the degradation processes are
presented in Fig. S6.† The self-degradation efficiency of the
control dye solution without any catalyst is also presented for
comparison and is found to be ∼7% under irradiation for
180 min. As shown in Fig. 8a, ZnO–ZnS core–shell nanostruc-
tures exhibited MB decomposition levels of 84.64%, 87.37%,
93.78%, 91.89%, 83.55%, and 75.51% for the ZnO NFs and
ZnO–ZnS NF core–shell morphologies sulfidated for 30 min,
90 min, 180 min, 360 min, and 540 min, respectively, under
UV irradiation for 180 min. Fig. 8b shows that upon irradiat-
ing the ZnO based nanostructures with visible light, they
exhibited MB decomposition levels of 32.27%, 70.21%,
91.58%, 96.23%, 80.42% and 60.87% for ZnO NFs and ZnO–
ZnS NF core–shell morphologies sulfidated for 30 min, 90
min, 180 min, 360 min, and 540 min, respectively, after 225
min. Table S2† records the photoresponsive properties of
shell wall controlled ZnO–ZnS based core–shell NFs. Pristine
ZnO NFs may have mild degradation activity of around 32%
due to the presence of defect states which promote catalytic
behavior under visible response.42 Compared to bare ZnO
NFs, ZnO–ZnS based core–shell NFs sulfidated for 180 min
show higher visible catalytic activity. It is also shown that the
photocatalytic activity of the hybrid nanostructures first tends
to increase and then decreases with an increase in the thick-
ness of the ZnS shell layer. ZnO–ZnS core–shell NFs having a
shell wall thickness of ∼20 nm synthesized with 180 min of
sulfidation show the maximum photocatalytic efficiency, in-
dicating that shell wall thickness is critical for enhancing the
catalytic performance. The superior photocatalytic perfor-
mance of these hybrid structures may be explained as fol-
lows. Similar to the catalytic activity, the optical response was
enhanced depending on the shell wall thickness, which was
confirmed from the UV and PL results (Fig. S4† and Fig. 6).
During the charge transfer process in ZnO–ZnS hybrid
structures, the conduction band of ZnS lies at a more neg-
ative potential than that of ZnO, while the valence band
of ZnO is more positive than that of ZnS. Under photo-ir-
radiation, photogenerated electrons pass from the conduc-
tion band of ZnS to the corresponding band of ZnO and
hole transfer occurs from the valence band of ZnO to that
of ZnS. Simultaneous yield and the lifetime of charge car-
riers were increased in the ZnO–ZnS system by effective
electron and hole transfer, resulting in the formation of
highly oxidative hydroxyl radical species (OH˙) and super
oxide ions (O2˙). At the same time, MB degradation experi-
ments were conducted in the presence of ZnO and
sulfidated ZnO NFs under dark conditions and the respec-
tive absorbance spectra (Fig. S7†) clearly demonstrate that
there is no notable degradation observed up to 240 min.
But when compared to the ZnO NFs, the sulfidated ZnO
NFs have adsorbed 6.7% of dye molecules under the equi-
librium state. This confirms that the dye molecules were
highly interactive with the core–shell catalytic system com-
pared to the pristine one. The experimental data in
Fig. 8(a and b) can be well fitted to a pseudo first-order
Fig. 8 Photocatalytic properties of shell wall controlled ZnO–ZnS core–shell NFs. (a and b) Photocatalytic degradation efficiencies and (c and d)
kinetic fits for ZnO–ZnS NFs under UV irradiation and visible irradiation, and (e and f) a comparative study of the photocatalytic degradation rates
under UV irradiation and visible-light irradiation for ZnO–ZnS core–shell NFs.
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kinetics equation. Fig. 8(c and d) shows kinetics plots of
shell wall controlled ZnO–ZnS core–shell NFs for the MB
photo degradation reaction. Upon varying the ZnS wall
thickness, the plot of lnĲC/C0) against irradiation time (t)
is nearly a straight line, in which the slope of the fitting
line is equal to the value of the rate constant. The corre-
sponding kinetic constants for different shell wall con-
trolled NFs under UV and visible irradiation are shown in
Fig. 8e and f respectively.
Under visible irradiation, the highest apparent rate con-
stant under our experimental conditions is determined to be
0.02458 min−1 for ZnO–ZnS core–shell NFs sulfidated for
180 min, having a shell wall thickness of 20 nm, which is
about 9 times and 4 times higher than for pure ZnO NFs
(0.00284 min−1) and ZnS (sulfidated for 540 min) NFs
(0.00573 min−1) respectively, revealing the superior visible
photocatalytic activity of core–shell hierarchical NFs. But the
trend of photocatalytic properties was not similar under UV
and visible irradiation for different thicknesses of shell wall
controlled ZnO–ZnS NFs. Under UV irradiation, ZnO–ZnS
NFs sulfidated for 30 min show a faster degradation rate
compared to ZnO–ZnS NFs sulfidated for 360 min, but un-
der visible irradiation this was reversed. This happens be-
cause under UV irradiation, the ZnO core NF acts as a prom-
ising catalyst and the removal of oxygen related surface
defects favors the effective carrier separation rate in the
sulfidated samples. On increasing the sulfidation time, the
removal of oxygen related defects with the presence of sulfur
based defect states favors carrier separation efficiency, which
enhances the catalytic efficiency. But under visible irradia-
tion, the core–shell interface and sulfur induced defects play
a major role in improving the catalytic efficiency, which is
due to the lack of a core shell interface in the shorter
sulfidation time (30 min) samples. The degradation rate is
slower compared with the ZnO–ZnS NFs sulfidated for 360
min, which have a promising core shell interface with a
high number of sulfur based defect states. Additionally, the
core–shell based heterostructures have a higher adsorption
ratio compared with the pristine ZnO NFs, revealing more
interactions between the deformed surfaces and the dye
molecules than for the pristine ones. This may be due to
the chemisorbed oxygen sites on the surfaces of the core–
shell structures, which was confirmed through the XPS re-
sults. These would be more advantageous in enhancing the
dye degradation process since the presence of hydroxyl
groups can effectively facilitate the trapping of photoinduced
electrons and holes. Furthermore, the photocatalytic degra-
dation efficiencies of pristine and highly efficient ZnO–ZnS
core–shell heterostructure toward Rh B and 4-NP were
studied and the results are shown in Fig. 9. The decolourization
of pollutants was evaluated through monitoring the
absorption spectra, as shown Fig. S8 and S9.† It is noted that
the heterostructured catalyst effectively degraded the selected
organic pollutants under visible irradiation. Corresponding
digital images of pollutants taken at definite time intervals
are shown in Fig. 9b. The degradation efficiencies of ZnO
and the ZnO–ZnS core–shell heterostructures for Rh B and
4-nitrophenol were calculated to be ∼22% and ∼28% after
140 min, and ∼93% and 85% after 140 min, respectively, un-
der visible irradiation. There is the possibility of dye sensiti-
zation effects while using MB and Rh B dyes under visible ir-
radiation, but the exhibition of similar catalytic degradation
rates for NP degradation as compared to for dye molecules
shows that the degradation efficiency was not influenced
much by the dye sensitization effect. Additionally, the degra-
dation performance toward colorless pollutants such as
4-chlorophenol provides evidence for the exclusion of dye
sensitization effects and denotes visible catalytic behavior of
the heterostructured interface of ZnO–ZnS core–shell NFs
(Fig. S10†).
The significantly enhanced photocatalytic activity of the
hybrid composite catalysts motivates us to further study the
photocatalytic reaction mechanism of the degradation pro-
cess. Diverse feasible mechanisms, including the production
of reactive oxygen species involved in the enhancement of
the photocatalytic activities, were investigated by quantifying
the production of reactive oxygen species in the reactive
medium (Fig. S11†). Fig. 9c displays trapping experiments of
active species during the photocatalytic reaction of ZnO–ZnS
core–shell NFs under visible irradiation. Generally, photo
induced holes (h+), hydroxyl radicals (˙OH) and superoxide
Fig. 9 (a) The catalytic efficiency of the core–shell heterostructures
toward MB, Rh B and 4-NP, and (b) digital photographs of MB, Rh B
and 4-NP in the presence of ZnO and ZnO–ZnS core–shell NFs under
visible irradiation before and after 140 min of irradiation. (c) Trapping
experiments with active species during the photocatalytic reaction fol-
lowing 140 min of Xe lamp irradiation.
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radicals (˙O2) are known to be the main reactive species
involved in photodegradation reactions. In our radical trap-
ping experiments, 1 mmol L−1 of isopropanol (IPA), 1,4-
benzoquinone (BQ) and triethanolamine (TEOA) were added
into the solution and used as hydroxyl radical, superoxide
radical and hole scavengers, respectively, and their influence
on the photocatalytic degradation efficiency toward MB is
shown in Fig. 9c. For pristine pure ZnO NFs, the photocata-
lytic degradation activity toward MB decreases remarkably
with the addition of BQ. However, when IPA and TEOA are
added, the activity declines, but not as significantly as with
BQ addition. These results suggest that the production of
superoxide radicals in ZnO is majorly responsible for the cat-
alytic activity. For ZnO–ZnS core–shell NFs sulfidated for
180 min and 540 min, the photocatalytic degradation activi-
ties toward MB decreased remarkably upon the addition of
IPA and TEOA. However, when BQ was added, there was no
significant decrease in catalytic activity on the NFs sulfidated
for 540 min but those sulfidated for 180 min were influenced
by BQ. These results suggest that under visible light irradia-
tion, the shell wall controlled ZnO–ZnS core–shell NFs follow
a similar photocatalytic mechanism for the degradation of
MB, in which the holes and hydroxyl radicals play a more
major role than the superoxide radicals. Thus, both holes
and hydroxyl radicals are the primary active species in this
reaction. Moreover, compared with ZnO NFs sulfidated for
540 min, the photodegradation efficiency of ZnO–ZnS core–
shell NFs sulfidated for 180 min declines more significantly
with the addition of IPA and TEOA, indicating that more hy-
droxyl radicals and holes may exist in the ZnO–ZnS system
on the surface than in the ZnS system, due to the effective
separation of photogenerated carriers.
Based on the above experimental results, a possible mech-
anism has been proposed for the enhanced visible-light activ-
ity of ZnO–ZnS hierarchical core–shell catalysts and a sche-
matic diagram is illustrated in Fig. 10. The significant
improvement in the photocatalytic performance can be as-
cribed to the synergistic effect between the ZnO core and ZnS
shell. The band gaps of ZnO and ZnS are 3.2 eV and 3.5 eV,
respectively, but both pure samples can't be excited by visible
light and thereby produce photoinduced electrons and holes.
But constructing a ZnO–ZnS core–shell form of nanostructure
could exhibit visible catalytic ability due to the creation of a
ZnS–ZnO interface, which leads to a narrower band gap than
for individual ZnS and ZnO.43 Previously, Schrier et al. have
predicted that conduction band energies are reduced for ZnO
and ZnS while designing ZnO–ZnS core–shell forms of nano-
wires, and that the overall band gap of ZnO–ZnS is lowered
to 2.07 eV due to strained conduction band minimum (CBM)
energies.44 Designing a monolayer of ZnS on the ZnO surface
would increase its work function and contribute to the band
bending and surface dipole movement due to the electronic
Fig. 10 Schematic representation of the photocatalytic mechanism in varied shell wall thickness ZnO–ZnS heterostructural photocatalysts.
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hybridation of the ZnO band structure with the surface states
induced by the ZnS monolayer.45 Further, Wang et al.46 have
proven that the creation of ZnS based surface states on a
ZnS–ZnO based heterostructure would influence the band
bending and effectively reduce the band function at the ZnO–
ZnS interface. And the population over the ZnS based surface
states would be the crucial factor for the visible photocata-
lytic behaviour. In our work, HRTEM images (Fig. 3 and 4)
exhibit the presence of ZnS nanograins on the ZnO NFs, and
as a function of sulfidation time, ZnO NFs were completely
surrounded by ZnS nanograins, creating a ZnO–ZnS interface
which will lead to a narrow band gap at the core shell inter-
face. And the presence of sulfur based defect states increased
upon increasing the sulfidation time, favouring visible ab-
sorption and the effective separation of charge carriers. As
observed from the PL and XPS spectra (Fig. 6 and 7), there is
the presence of ZnS based surface states, which were
favourable for the visible response and improve the visible
catalytic behaviour. At the core shell interface, ZnS based sur-
face states facilitate electron–hole separation by acting as
photo-generated hole trappers.46 But the presence of sulfur
based defect states throughout the shell layer may improve
the carrier recombination rate and delay carriers from
reaching the catalytic surface which will reduce the effective
radical production and delay the catalytic efficiency in thicker
shell wall grown ZnO–ZnS core shell NFs.
The photocatalytic performance of a semiconductor is de-
pendent on the production of photo-induced charge carriers
and the production of reactive oxygen species which are de-
termined by the light harvesting ability. In ZnO–ZnS core–
shell arrays, both the bottom of the conduction band (CB)
and the top of the valence band (VB) of ZnS (−0.96 eV and
2.84 eV vs. NHE, pH = 7) are more negative than in the ZnO
core (−0.32 eV and 2.98 eV vs. NHE, pH = 7). Thus the photo-
generated electrons could transfer easily from ZnS into the
CB of ZnO, while the holes could migrate from ZnO into the
VB of ZnS, via the interface of the heterojunction. This
creates the redistribution of charge carriers on each side of
the heterojunction (as shown in Fig. 10) which significantly
hinders the recombination process of electron–hole pairs and
improves the efficiency of interfacial charge separation. In
addition, the photogenerated electrons in the CB of ZnO can
improve the carrier mobility in the inner core and the photo-
generated holes reduce the dissolved OH to yield abundant
active ˙OH, together with holes in the VB of ZnS employed for
further effective reduction of MB. Therefore, owing to the
high transfer and separation efficiency of charge carriers in
this heterojunction system, ZnO–ZnS core–shell NFs demon-
strate superior photocatalytic performance compared with
unmodified ZnO NFs.
On controlling the effective shell wall thickness of the
ZnO–ZnS hierarchical core–shell NFs, the ratios of the effec-
tive separations of charge carriers are varied, which deter-
mines the catalytic performance of the NFs under visible irra-
diation. Modifying the surface of ZnO with a thin layer of
ZnS initiates effective heterojunction formation and avoids
surface defects of ZnO (confirmed from Fig. 7). It is well
known that the electron affinities (Ea) of ZnO and ZnS are
4.5 and 3.9 eV, respectively.47 Therefore, an upward band
offset of 0.6 eV between the conduction bands of ZnO and
ZnS exists in the energy band diagram of the ZnO–ZnS NFs
(Fig. 10b). We believe that the spatial separation of the
carriers reduces the recombination probability of the photo-
generated electron and hole pairs. And the presence of ZnS
based states at the core–shell interface favors photo-
generated electron hole separation by acting as photo gener-
ated hole trappers.46 Therefore, the photo-response of the
ZnO–ZnS core–shell NF arrays significantly increases when
compared with unmodified ZnO NFs, under illumination
from UV and visible light.
An optimum shell thickness of around 20 nm shows the
highest photocatalytic activity, which reveals that the photo-
responsivity of the ZnO–ZnS core–shell NFs are controlled by
the shell wall thickness. Since ZnS is in contact with the dye
solution, the charges reaching the ZnS surface are responsi-
ble for the photocatalytic activity. On increasing the shell wall
thickness above 20 nm, the catalytic performance starts
reducing. This phenomenon can be due to the fact that the
thick ZnS shell layer suppresses the tunneling of holes from
the ZnO core to the surface atoms of the shell, resulting in
the blockage of holes or the presence of a higher density of
ZnS based defect states acting as carrier recombination sites.
It should be notified that, under visible light (λ = 400 ± 15
nm) irradiation, the production rate of reactive oxygen
species on the surface of the ZnS shell surface was reduced
(Fig. 9). Thus, the photogenerated charge carriers in ZnO–
ZnS core–shell NFs having a higher shell wall thickness take
a longer time to reach the surface, which augments the re-
combination probability and decreases the catalytic effi-
ciency. Thus, the best degradation activity toward MB is
attained in samples having a shell wall thickness of ∼20 nm.
This indicates that, in this particular case, the structure after
180 min of sulfidation should give the ideal ZnO–ZnS core–
shell structure which balances the charge separation and
transport rates and hence is the most favorable sample for
enhanced photocatalytic activity.
Reusable properties
The stability of photocatalysts upon light irradiation is very
important. It is reported that semiconductor photocatalysts
usually suffer from instability caused by photocorrosion over
long-term photocatalytic reactions. Fig. S12† shows the cata-
lytic degradation performances of recycled photocatalysts
during five repeated tests. After being washed with water,
ZnO–ZnS NF based immobilized photocatalysts can be
recycled. Structural and morphological aspects are investi-
gated and clearly evidence that hierarchical arrays are more
stable after five consecutive recycling processes. During the
five repeated degradation cycles, limited activity loss was
observed for ZnO–ZnS NF based photocatalysts. The degrada-
tion efficiency rate for the fifth test was 92.6% that of the
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first test. On further increasing the test to 10 cycles, the deg-
radation efficiency rate was reduced to 62%. To attain an in-
depth view on the effect of photo-corrosion on the catalyst,
we have exposed electrospun ZnO nanostructures to photo-
irradiation for a time period of 24 h, changing the dye solu-
tion and studying the changes in surface morphology and
chemical composition.
The observed morphological features evidently reveal that
the surface of the ZnO was influenced by structural damage,
with a flake-like surface structure, as clearly shown in
Fig. S13.† But the ZnO–ZnS based heterostructures had quite
stable surface features as compared with pristine ZnO, with-
out any significant morphological alteration and agglomera-
tion. This reveals that the ZnS based shell layer acts as a pro-
tective layer and avoids photo-corrosion effects, as illustrated
in Fig. S13.† But, it also mildly influences the photooxidation
process by trapping holes, which initiates the formation of
ZnSO4 via the photo-corrosion effect, with changes in the sur-
face features. In addition, high resolution XPS analysis of the
samples proved a drastic shift in the O 1s peak to 533.97 ±
1.0 eV. Similarly, the intense characteristic peaks observed at
1021.5 ± 0.3 eV and 1044.6 ± 0.2 eV in Zn 2p were consider-
ably shifted to 1023.3 ± 0.5 eV and 1046.35 ± 0.4 eV, respec-
tively, as illustrated in Fig. S14.† The peak observed at 162 eV
represents S2− in the ZnS shell layer, and additionally there
are mild traces of SO3
− peaks around 169 eV in the highly
active ZnO–ZnS core shell NFs. To study the outcome of the
solubility and photo-corrosive effects on the ZnO–ZnS NFs,
the presence of sulphate groups before and after the catalytic
experiments was taken into consideration to detect the
photo-oxidisation of ZnS–ZnSO4. After photo-irradiation, ad-
ditional intense peaks of SO3
− were observed, as compared
with the core–shell samples before irradiation as shown in
Fig. S15.† The ratio of sulphide to sulphate is revealed to have
significantly changed before and after the catalytic process
through quantifying the atomic concentration. The presence
of increments on the SO3
− peak evidences the presence of
ZnSO4 after the catalytic process and signifies the corrosion
effect. This evidences the photo-corrosion effect on the ZnO–
ZnS core–shell NFs. But there is no significant shift in the
ZnO–ZnS core–shell nanostructured surface states when com-
pared with samples before photo-irradiation. The findings
confirm the photocorrosion of ZnO during the photo degra-
dation process, but also the minimal effect on the ZnO–ZnS
core–shell structures. Further improvements in the inhibition
of photo-corrosion in electrospun ZnO nanostructures pres-
ent a challenge and more efforts are needed to provide a so-
lution to this issue. The ZnO–ZnS core–shell NF based photo-
catalysts exhibited high visible photocatalytic activity and
good stability. Moreover, it is imperative to clearly differenti-
ate the effective role of the shell wall thickness on the ZnO
NF surface, which effectively contributes to the visible photo-
catalytic behavior and effective charge separation. The forma-
tion of shell wall controlled ZnO–ZnS core–shell NFs favors
the absorption of light and the separation of photogenerated
electron–hole pairs, and contact between the reactant solu-
tion and the photocatalysts, leading to efficient photocata-
lytic activity. Interestingly, it should also be noted herein that
a shell wall thickness of 20 nm promotes superior photo-
degradation performance compared to other structures under
UV and visible irradiation, implying the crucial role of shell
layer thickness in effective charge separation. In the current
study, we have thus highlighted the creation of a shell layer
with different thicknesses in order to engineer effective
charge separation and improve visible absorption in electro-
spun ZnO NFs for better photocatalytic performance.
Conclusions
We have effectively demonstrated the visible photocatalytic
properties of shell wall thickness controlled ZnO–ZnS core–
shell NFs, formed through the deformation of electrospun
ZnO NFs to core–shell heterostructural NFs, and their com-
parative degradation efficiency toward MB. The shell wall
thickness and its effective charge separation efficiency were
conceived as primary factors and the visible photocatalytic ef-
ficiencies of ZnO based nanostructures were evaluated. Fur-
thermore, it was observed that the dense ZnO nanograins are
deformed to ZnS nanograins during the sulfidation process,
with a simultaneous increase in grain size. The thickness of
the ZnS shell has a great influence on the photocatalytic per-
formance of the ZnO–ZnS core–shell NFs, and the maximum
degradation rate of the ZnO–ZnS based hierarchical photo-
catalysts reached 0.02071 and 0.02458 min−1 under UV and
visible light irradiation. The degradation efficiency after the
fifth recycling test is 92.6% that of the first test. It has been
shown that ZnO–ZnS core–shell NF arrays having a shell wall
thickness of 20 nm exhibit high photocatalytic activity and
good stability during dye degradation. This implies the bene-
fit of a detailed study on the effects of shell wall thickness
promoting effective charge separation and improving visible
absorption for the development of an efficient visible light
active catalyst.
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